10 on the crystal structures. This study supported a model in which the NBDs remain in contact; 1 ATP binding followed by formation of the NBD sandwich dimer drives opening of the TM 2 channel at the intracellular face [32] . This is opposite to the mechanism for the other groups 3 where NBD dimer formation opens the TMDs at the extracellular face and the NBDs undergo a 4 cycle of association and dissociation. In contrast to this, a recent functional characterisation of a 5 related bacterial heme ABC transporter found that ATP-hydrolysis triggered release of 6 substrate at the cytoplasmic face, consistent with the models for the other structural groups 7
[48]. These latest two studies are germane to the final section of this review on NBD models 8 for binding and hydrolysis of ATP. 9 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   11 The crystal structure of the full maltose transporter complex, MalFGK 2 , reveals that the 1 heterodimeric TMDs contain six (MalG) and eight (MalF) helices, respectively, with each 2 having a structurally conserved core of six helices related by a pseudo-twofold symmetry. This 3 conserved core is similar to that observed for ModB and MetN, retaining the cross-over N-4 terminal helix observed in ModB. In contrast to the ModBC-A structure, however, the MalK 5
NBDs form a closed dimer with bound ATPs, and the TMDs are open to the extracellular side 6 and closed to the intracellular side of the membrane, forming a large solvent-filled cavity that 7 reaches halfway across the predicted membrane bilayer from the periplasmic surface. The 8 maltose BP is bound to the extracellular rim of the TMDs in an open conformation, sealing the 9 pore, and the maltose substrate is bound to MalF, making no direct contacts to residues of 10 MalG [37] . In the substrate-binding site, ten residues contact the bound maltose, conferring 11 specificity and stabilizing substrate binding. Six of these residues had been identified through 12 genetic studies to severely decrease or eliminate maltose transport [37] . Interestingly, it appears 13 that some bacterial importers lack substrate binding sites in the pore, with substrate specificity 14 governed by which binding protein attaches [8] and [49] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 was strongly supported most recently with the publication of the inward-facing maltose 1 permease structure [38] , with comparison of the two maltose permease conformations 2 indicating that alternating access involves rigid-body rotations of the TM subdomains coupled 3 to the closure and opening of the NBD interface. Thus, in stark contrast to the metal chelate 4 transporters, the mechanism for this architectural group does not appear to involve significant 5 intrasubunit conformational changes in the TMDs, nor structural asymmetry within the TMD 6 dimer. Furthermore, the NBDs are proposed to move in a direction perpendicular to that 7 postulated for the metal chelate transporters. 8 9 Although the proposed mechanism for this group does not involve asymmetry between the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 majority of their inter-helical contacts with TM helices from the opposite protomer, resulting in 1 a lobular or winged appearance of the TMDs. In the nucleotide-bound state, the TMD wings 2 form a chamber, closed at the cytoplasmic side by the apposition of the two ICL domains and 3 splaying outward in a "V" shape to flank the wide extracellular opening of the chamber (Figure  4 2c). The gap between the two wings in the exporters runs approximately perpendicular with 5 respect to the NBDs to that observed for the TMDs in the structures of the importers (Figure 2) . 6
Thus, the switching between inward and outward facing conformations in exporters would 7 involve completely different coupling of conformational changes in the TMDs to the putative 8 opening and closing of the NBD dimer. 9
Although the Sav1866 and revised "closed" AMP-PNP-bound MsbA structures are generally 11 considered to fit well with other experimental data, some inconsistencies warrant mention. 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 sequence, and this seems reasonable since larger substrates would require a larger TM channel 1
[32]. However, in comparing for example the vitamin B 12 and methionine importer TMDs, we 2 find that although BtuC (326 residues) is significantly larger than MetI (208 residues), BtuC 3 does not appear to devote the additional residues to expanding the channel relative to that 4 observed for MetI, but rather curiously folds into an intricately and densely packed 10-helix 5 bundle with a narrower channel formed at the TMD:TMD interface than that observed for 6
MetI. What attributes of the BtuC structure could conceivably make it peculiarly suited to the 7 vitamin B 12 substrate? The answer to these questions may, however, be more complex than 8 simply the structure of the TMD. For example, the TMD and NBD components of the 9 prokaryotic arginine and histidine permeases are identical, consisting of a single copy of each 10 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1. Higgins, C.F. (1992) ABC transporters: from microorganisms to man. Annu. Rev. Cell111  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  481  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  481  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  481  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  621  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  631  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 
